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ABSTRACT 



A parametric study of pressurized light water reactor 
cores was undertaken, in which both heat transfer and nuclear 
influences of the basic parameters on the quantity and required 
enrichment of the uranium fuel were to be considered. 

Methods were developed for the following; 

1. Computation of the minimum core size for a specified 
power output on the basis of heat transfer characteristics of 
the unit cell parameters. 

2. Computation of the critical mass of U-235 required 
for a given reactor by an adaptation of a digital computer 
program written by J. R. Powell. This program, written for 
Whirlwind, is a Fourier solution for critical mass of a highly 
enriched, homogeneous, heavy water moderated reactor; methods 
were developed to adapt it to the low enrichment, heterogeneous, 
light water case, and to compute the necessary inputs. 

3. Computation of the factor by which the critical en- 
richment of a given reactor would have to be increased in order 
to attain a specified core life. 

A correlation was obtained between the adjusted Powell 
Fourier program and experimental data; the methods selected 
for calculation of resonance escape probability, fast fission 
factor, and disadvantage factor for use in the program were 
also confirmed by comparison of results with experimental data. 

Ranges of parametric variation were chosen as follows; 

1. Fuel elements to be rods, 0.2, 0.4, and 0.6 Inches 
in diameter. 

2. Ratio of volume of moderator to volume of fuel to 
be 1.5* 2.0, 3*0, 4.0, 5»0, and 6.0. 

3. Cladding to be of stainless steel and of zirconium, 
0.015 inches thick. 

4. Fuel to be uranium oxide, UO2; quantity and enrich- 
ment to be determined. 

5. Cores to be right circular cylinders not to exceed 
13 feet in diameter and core heights to be 4, 6, and 8 feet. 

6. Gores to be surrounded by an effectively infinite 
water reflector. 

7. Maximum fuel temperature; 4800°F. . Q 

Coolant pressure; 2000 psia. Inlet temperature; 487 F 

Maximum t emperature ; 628 °F 
Average reactor temperature; 508°F 

8. Thermal power output; 400 megawatts. 

For each case, an appropriate core diameter and total 
quantity of uranium were computed from the heat transfer charac- 
teristics associated with the parameters. With this, resonance 
escape probability, fast fission factor, and cross sections 
modified for disadvantage factor, the machine calculation was 
entered. The output of the machine calculation was critical 
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mass of U- 235 ; this was compared with the total quantity of 
uranium previously computed to give the required critical en- 
richment. 



Analysis of the uranium quantity and enrichment data 
thus obtained indicated that; 

1. Total quantity of uranium required, a function of 
the heat transfer characteristics of the unit cell, is ap- 
proximately proportional to the square of the rod diameter; 
the allowable heat generation rate per unit length of the cen- 
tral rod is very nearly the same regardless of the rod diam- 
eter, and hence the number of rods required is. very nearly 
the same for all rod diameters at a given height. 

2. Critical enrichment is principally a function of the 
unit cell parameters and is nearly independent of the core 
size and shape between diameter to height of core ratios of 
0.8 and 3 . 

3 . For each rod diameter and cladding material an opti- 
mum moderator to fuel volume ratio exists at which the criti- 
cal enrichment is a minimum. For the diameters tested, these 



1 follows; 

Rod Diameter 


Stainless 


- - — # 

Optimum Vi/y 0 

Steel clad Zirconium clad 


0.6 inch 


3.0 


3*0 


0.4 inch 


3.-75 


4.0 


0.2 inch 


4.5 


4.5 



4. An optimum rod diameter at which minimum critical, 
enrichment is lowest exists for rods clad with each cladding 
material. For zirconium clad pods, this occurs at about 0.45 
inches rod diameter for stainless steel clad, at slightly 
over 0.6 inches. 



Rod Diameter 



0.6 inch 
0.4 inch 
0.2 inch 



Minimum critical enrichment 
Stainless Steel clad Zirconium clad 



.99 

1.12 

1.5 



.89 

.85 

1.13 



5. Critical enrichments are lower for zirconium clad 
rods than for stainless steel clad, of the order of 1 ; % en- 
richment compared to the order of 2%. 

6 . Optimum critical enrichment does not necessarily in- 
dicate the optimum core; other factors which must be considered 
are total quantity of uranium, cost data for uranium, cladding 
materials, and fabrication of fuel elements and pressure ves- 
sels, and the additional enrichment necessary to attain a 
specified core life. 



Cambridge 39, Mass. 
20 May 1957 



Professor Leicester F. Hamilton 
Secretary of the Faculty 
Massachusetts Institute of Technology 
Cambridge 39, Mass. 

Dear Professor Hamilton i 

We hereby submit our thesis entitled "Optimization of 
a Pressurized Water Reactor Core" in partial fulfillment 
for the degree of Master of Science in Naval Architecture 
and Marine Engineering and for the degree of Naval Engineer. 



i 



ACKNOWLEDGEMENTS 

The authors wish to express their appreciation to 
Professor T. J. Thompson for so liberally giving his time 
and for his guidance and encouragement throughout the 
preparation of this thesis. 

The authors also wish to express their appreciation 
to Mr. James R. Powell for the use of his Whirlwind program 
and for his aid in solving some of the problems involved 
in adapting it to their needs. 



li 



TABLE OF CONTENTS 

Page 

Table of Contents 11 

Nomenclature . Ill 

I. Introduction 1 

II. Procedure 24 

III. Results 32 

IV. Discussion of Results... 41 

V. Conclusions 58 

VI. Appendices 

A. The Disadvantage Factor. 60 

B. Method of Adjusting Homogeneous Program 

Constants to Obtain Critical Mass of a 
Heterogeneous Reactor 70 

C. Adjustments to Nuclear Constants for 

Powell Fourier Program 72 

D. Computation for Fast Fission Factor and 

Resonance Escape Probability 76 

E. Powell Cylindrical Fourier Program 

Inputs and Outputs 83 

F. Nuclear Data 95 

G. Computation of Core Radius 104 

H. Correlation of the Powell Fourier Pro- 
gram with Experiment. 113 

J. Computation of the Additional Enrich- 
ment Required to Attain Specified Core 

Life 119 

K. Bibliography 129 



ill 



NOMENCLATURE 



A. General 



Symbol 

A 

A 

a 

B 2 



c 

D 



E 

E 



F 

F 

f 



H 

h 

I 

J 



Description 
Atomic weight 

Coolant channel cross sectional area 

Rod heat transfer area 

Buckllng- a measure of the bending 
of the neutron flux at a point In 
a critical reactor 

Coolant specific heat 

Diffusion coefflcient- the proportion- 
ality factor between neutron current 
and neutron flux gradient 

Energy 

Dimensionless coeff iclent- related to 
the computation of the disadvantage 
factor. A function of and R. See 
Appendix A. 



H 

Hot channel factor- heat transfer 
safety factor 

Thermal utlllzation- the proportion of 
thermal neutrons absorbed In fuel to 
the total absorbed 

Core height 

Film heat transfer coefficient 

Modified Bessel function of the first 
kind 

Bessel function of the first kind 



K Modified Bessel function of the second 

kind 



Dimensions 




cm *° 2 



BTU/lb-F 



Mev 



cm 

BTU/hr-ft 2 -F 



Infinite multiplication factor- the 
ratio of the average number of neutrons 
produced In each generation to the 
average number of corresponding neu- 
trons absorbed 

Thermal conductivity 

2 

( Diffusion length) -l/6th of the mean 
square distance traveled by a thermal 
neutron before being absorbed 

Migration area° l/6th of the mean 
square distance from birth of fission 
neutron to capture of a thermal neutron 

6.025 x 10 23 /Q 



Dlmenslonle S8 coef f lei ent- f unction 
related to temperature differences In 
heat transfer. See appendix G. 

Resonance escape probability- the 
probability that a neutron will not be 
absorbed by U-238 in the resonance 
energy region 

Dimensionless coefficient- function 
related to heat transfer resistance 

Slowing down density- rate at which 
neutrons reach thermal energy per 
unit volume 

Heat transfer rate . See Appendix G. 



Radius 

Temperature 

Total heat transfer coefficient 
Volume 

Ratio of volume of uranium 4 clad to 
water in a unit cell 

Fast fission factor- the proportion of 
total fissions at both fast and thermal 
energies in both U-235 and U-238 to the 
number of thermal fissions in U-235 



BTU/hr-f t- 
2 

cm ' 0 

2 

cm 

atoms/ cm^ 



neutrons/ 

3 

cnr-sec 

BTU/hr-ft 2 

Op 

BTU/hr-ft 2 

cm3 



V 



K 

X 



r 



0^ a 



CTf 




crXv 






V 



Reciprocal diffusion length- = l/L era 

Reflector savlngs- the decrease In cm 

critical size of a reactor due to 
a reflector 

Density gm/cm3 



Microscopic absorption cross sect ion- barns 

the probability that one atom of 
material will absorb a neutron 

Microscopic fission cross section- barns 

the probability that one atom of 
material will be fissioned by a 
neutron 

Microscopic scattering cross section- barns 

the probability that one atom' of 
material will scatter a neutron 



Microscopic transport cross section- barns 

the product of an<i (1- Z( 0 ) 

Macroscopic absorption cross section- cm~l 

the product of the number of atoms of 
material per unit volume and^for that 
material 



Macroscopic fission cross section- 
the product of the number of atoms 
of material per unit volume and Gp 
for that material r 

Macroscopic transport cross section- 
the product of the number of atoms of 
material per unit volume and Gg, for 
that material 

Age- l/ 6th of the mean square distance 
traveled by a neutron in being slowed 
down from fission to thermal energy 

Average number of fast neutrons re- 
leased per slow neutron fission 

Neutron flux- the product of the 
number of neutrons per unit volume 
and the ir velocity 



cm _ l 



cm“l 



cm2 



neutrons/ 

cm 2 -sec 



B. Specific 
Symbol 



vl 



a 

a 



o 

f 



*u 



F 

F 



q 

AT 



F 0 



k 



c 



k 



f 



P 



t 



q 



% 



q” 

M m 

q" 

4 mBO 

q" 

M mLB 



Ro 

Ri 

R c 

R 

R« 



Description 

rod heat transfer area, midpoint to end of core 

rod heat transfer area midpoint extended through 
reflector savings 

cross sectional area of unit cell 

heat generation rate hot channel factor 

temperature rise hot channel factor 

heat transfer coefficient hot channel factor 

clad thermal conductivity 

fuel thermal conductivity 

reactor thermal power 

average power developed per rod averaged over core 

average power developed in a rod averaged longitudi- 
nally only 

heat transfer rate at midpoint of the central rod 

heat transfer rate at midpoint of the central rod 
required to produce burnout of clad 

heat transfer rate at midpoint of the central rod 
required to produce local boiling at outlet 

radius of fuel in a unit cell or to inside of cladding 

outside radius of unit cell 

radius to outside of cladding 

core radius 

core radius plus reflector savings 
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Atf 
A "fcwi 

two 

Uc 

Vo 

V 1 

V c 

V w,H20 

V u 

V s 

Xo 

X* 

5Eao 
^Tal 
^otr 
^ °tr 

<r, 



?r 2 

*o 




temperature rise of coolant in core from inlet to 
maximum temperature 

temperature rise from coolant inlet to centerline 
of fuel rod 

temperature rise from coolant inlet to cladding- 
fuel interface 

temperature rise from coolant inlet to outside of 
cladding 

effective heat transfer coefficient for bond, clad, 
and scale 

volume of fuel in unit cell 

volume of clad 4 moderator in unit cell 

volume of clad in unit cell 

volume of water in unit cell 

volume of uranium in unit cell 

volume of structure and clad in unit cell 

fuel reciprocal diffusion length 

moderator reciprocal diffusion length 

fuel macroscopic absorption cross section 

moderator macroscopic absorption cross section 

fuel macroscopic transport cross section 

moderator macroscopic transport cross section 

slowing down cross section 

Fermi age 

diffusion age 

volume average slow neutron flux in fel 
volume average slow neutron flux in moderator 
volume average slow neutron flux in clad 
disadvantage factor 



I. 

INTRODUCTION 
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The category of nuclear reactors known as pressurized 
water reactors has emerged from the multitude of possible types 
of power producing reactors as one of the most promising from 
a feasibility viewpoint. It appears that over the next sev- 
eral years it will continue to be an important type both for 
ship propulsion and for shore power station use, and hence a 
study of the effects of varying some of the basic core para- 
meters was considered to be a fruitful undertaking. 

A pressurized water reactor is distinguished by the fol- 
lowing characteristics $ 

1. Water is used as both the coolant and the moderator. 

2. It is heterogeneous; that is. It is made up of 

segregated regions of fuel and coolant-moderator, 

\ 

separated by a corrosion resistant "cladding." 

3- The water is kept under high pressure to prevent 
boiling. 

4. The great majority of fissions is produced by 
neutrons at thermal energy, that Is, neutrons 
which are in thermal equilibrium with the atoms 
of the stirrounding medium. 

The first full scale power reactor to operate, the pro- 
totype of the propulsion reactor in the U. S. submarine 
Nautilus, was of this type. Since then, in addition to the 
successful plant actually installed in the Nautilus, the 
pressurized water concept has been accepted as standard for 
U. S. submarines and thirteen other boats are building. In 
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the design state, or authorized. Aircraft carrier and cruis- 
er plants are also being planned. The pressurized water 
reactor has also taken a leading position in the U. S. for 
shore power station use; the first civilian power reactor 
to operate will be the PWR at Shipping port, Pennsylvania, 
and among the ones to follow it will be the Yankee Atomic 
Electric Company's design, to be built at Rowe, Massachusetts. 
Similar reactors are being built in other countries; a list 



1 

of those now planned follows;” 


° 








Fuel 


Heat 

Power 


Critical Date 


Army Package Power Reactor 


uo 2 


10 mw 


Early 1957 


Belgian Thermal Reactor 


u 


260 


1957 


Dominican Republic Reactor 


uo 2 


43 




Consolidated Edison Reactor 


u 


500 


July 1959 


University of Florida Reactor 


u 


10 


December 1959 


The uranium fuel in all 


the se 


designs 


is formed into 



elements, such as plates or rods, which are small compared to 
the size of the reactor as a whole but very large compared to 
atomic distances and of the same order of magnitude as the 
mean free path of a neutron in uranium, about half an inch. 
These elements are regularly spaced in a vessel through which 
water can flow, filling the spaces between the elements. Each 

i 

element with its share of the surrounding water can be thought 
of as a cell, and the whole reactor as an aggregate of such 
cells, or a cell lattice. Some of the nuclear and thermal 
properties of the reactor are properties of the cell parameters 



1 • "Nuclear Reactor Data Handbook No. 2“, The Raytheon Mfg. Co. 
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while some are properties of the lattice. The properties of 
"basic interest are;~ 

1. Nuclear properties of the unit cell. 

2 

a. The infinite multiplication factor-^ 1 - k 00 . In 
order to maintain steady state operation, the 
number of neutrons in successive generations 
must be conserved. That is; 

Production = Absorption + Leakage 
k OQ is the number of thermal neutrons produced 
per thermal neutron absorbed if no leakage 
takes place. It can be thought of as the 
factor relating the numbers of neutrons in 
successive generations in a medium consisting 
of an infinite repetition of the unit cell. 

It is generally recognized as the product of 
four factors, which, with the energy cycle 
followed by the neutrons, are explained below. 

5^ ° The number of fast neutrons produced 

per thermal neutron absorbed in the 
fuel . High speed neutrons with a mean 
energy of about 1 mev are produced by 
absorption of thermal neutrons, those 
which have been so slowed down by 



T”! These properties are described in more detail in various 
references, and, in some cases, in the Appendices to this 
thesis. These references are cited in each case. 

2. See S. Glasstone and M.C. Edlund, “The Elements of Nuclear 
Reactor Theory", Van Nostrand (1952) (hereafter cited as 
"Glasstone and Edlund"), Section 4.57 ff* 
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successive colllsons that their energies 
depend only on the temperature of the 
surrounding medium. Not all those absorbed 
in the fuel produce fissions; those that 
do, produce on the average 2.46 fast neu- 
trons and about 192 mev of energy. 

£ : The fast fission factor . Neutrons with 

energies greater than about 1 mev are 
capable of producing a small number of 
fissions in U-238. £ is the ratio of the 

total rate of neutron production to the 
production rate from thermal fission of 

U-235. 

p : The resonance escape probability . U-238 

has a high probability of absorption with- 
out fission for neutrons in the "resonance 11 
energy range, from about 10 to 100 ev, p 

is the probability that a fission neutron 

in slowing down, will not be so captured. 

f : The thermal utilization is the proportion 

of all the thermal neutrons absorbed 
which are absorbed in the fuel. 

b. The disadvantage factor,— %■ Thermal 

neutrons are produced in the moderator region 
as fast neutrons resulting from fissions in 

1*1 See Glasstone and Edlund, 9*48, and Appendix A. Also see 
A. L. Kaplan, "Theoretical Studies of Neutron Flux Distri- 
bution Expected in the MIT Nuclear Research Reactor", MIT 
S.M. thesis, 1955. 
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the fuel region are slowed down by elastic 
collisions with the hydrogen nuclei. 

The neutron flux^-^ - ^ , expresses the length 
of neutron paths covered per unit time per unit 
volume. This depends both on the number of 
neutrons and on their velocity. This is shown 
in the units of flux: 



neutrons * sff. x ^ 



2 

cm -sec 



The number of interactions taking place per 

unit time and volume is the product of the 

length of neutron paths and the probability 

of interaction per unit path length, . 

no. of interactions ~ ^ (f) 

unit time-unit volume ^ » 

^ in turn consists of the number of nuclei 
per unit volume, N, times the reaction proba- 
bility per nucleus, o-*. Thus, 

no. of interactions = £ (ft s & 
unit time-unit volume T T 

The fast flux produced by fissions in the 
fuel is slowed down in the moderator, producing 
thermal flux. As the thermal flux thus produced 
reenters the fuel, it is continuously reduced 
as the center of the fuel element is approached 
since ^ for absorption is greater in the fuel 
than in the moderator and since essentially 
no slowing down takes place in the fuel to 



1. See Glasstone and Edlund, 3.49- 
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replenish the supply of thermal neutrons. The 
general pattern of thermal flux in a oell is 
shown in Figure 1. 

The fuel near the center of the element , 
thus, meets a lower flux than the average over 
the whole reactor, with a consequent reduction 
of reaction probability below that which would 
be exhibited by a homogeneous mixture of the 
same materials in the same average thermal 
flux. The ratio of the average thermal neutron 
flux in the moderator to that in the fuel is 
the disadvantage factor. 




c. Fermi Age, . Since the slowing down process 

is a complex one, involving fission neutrons 
with a distribution of initial energies taking 
part in a large number of elastic collisions 
in which their energy loss varies (for a hydro- 
gen containing medium) between zero and 100#, 
it is represented by an experimentally deter- 
mined number which is characteristic of the 



1 . See Glas stone and Edlund, 6.117 to 6 . 145 , and Appendix F. 
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proportions of the various materials in the 
reactor; since these materials and proportions 
are repeated in all the cells, it can thus be 
considered a property of the cell. Physically, 
the Fermi age is one sixth of the average 
squared crow~f light distance travelled by a 
neutron during the process of slowing down 
from fission to thermal energy. 

2. Nuclear properties of the reactor as a whole. 

a. Flux distribution,™ Due to the effects 

of leakage and changes of composition across 
the lattice, the flux varies over each dimen- 
sion of the reactor, being high near the center 
and in regions of high multiplication factor, 
and low near the edges and in regions of low 
multiplication factor. It drops to zero a 
small distance outside the physical boundaries 

2 . 

of the reactor at the "extrapolated boundary. 1 - 
The functions which express these patterns are 
as follows; 

Reactor Shape Dimension Function 

Cube parallel to an edge cos 



of length H 

Right circu- radial (radius s r) Jo 
lar cylinder 

axial (height = H) cos 





Sphere 



radial (radius = R) 




1*1 See Glasstone and Edlund, 7*36 to 7«6l 
2. See Glasstone and Edlund, 5.40 
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A reflector Is frequently provided to reflect 
neutrons back into the core which would other- 
wise leak from it. When this is done, the 
average flux in the active core is increased, 
as shown in Figure 2, and the flux pattern 
is extended to the reflector boundary, c. 

The flux in the reflector has a different 
curvature from that in the core; but the 
core flux can be approximated by extending 
the point at which its characteristic function 
becomes zero by a distanoe such as ab, called 

r»of1 OAtnt* AQvi nnffl ™ ! 



curvature of the neutron flux pattern. The 
buckling which is required to make a given 
reactor critical can be found from the shape 
and dimensions of the reactor, and that which 
can be obtained by a given combination of 
materials can be found from the properties of 
the materials. The condition for criticality 





Figure 2 

is a measure of the amount of 



1. See Glasstone and Edlund, 8.25, and Appendix F. 

2. See Glass tone and Edlund, 7-20 to 7-60. 



9 - 



of the reactor Is that these two bucklings be 
equal. Buckling can also be vised to find the 
proportion of neutron leakage from a given 
reactor. The probability of non-leakage dur- 
ing the slowing down process is e”® 3 ^, and the 
ratio of thermal leakage to thermal absorption 

is where L is the thermal diffusion 

1 . | 

length. — ° 




Figure 3 

3- Thermal properties of the unit cell. 

2 

a. Maximum heat generation rate-—- q^. The rate 
at which heat can be generated in a fuel ele- 
ment is limited by its heat transfer proper- 
ties. Along an element, the heat generation 
rate is proportional to the fission rate which 
is proportional to the thermal neutron flux, 
which will vary from zero at the ends of the 
reflector savings to a maximum halfway between 
them. For equal reflector savings at each 

TT. See G-lasstone and Edlund, 5*62 to 5«91 

2. See W. M. Rohsenow, J. Lewins , and J. P. Barger, "Steady 
State Temperature Distribution in a Nuclear Reactor with 
End and Center Fed Coolant", NT-269, MIT, hereafter cited 
as Rohsenow, Lewins, and Barger, pages 1-4. Also see Appendix (J. 
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end of the elements, this maximum will also 
he at the geometrical center of the active 
core. The coolant flows along the element 
and its temperature, t c , rises as it does 
so to a maximum at the outlet, while the 
temperature at the element centerline, t£ , 
rises to a maximum at a point between the 
middle of the element °s length and the out- 
let, then drops off due to the reduction in 
the heat generation rate. The rate at which 
heat can be generated in a given element is 
limited by; 

(1) the maximum fuel centerline temperature 
must be maintained below the melting 
point of the fuel material, and, for 
uranium metal fuel, below the phase 
change at 660 °F. 

(2) the maximum coolant temperature must 
be less than the boiling point of the 
coolant. Boiling will change the water 
density, changing the density of hydro- 
gen atoms in the moderator and thereby 
the slowing down characteristics and 
the reactivity of the reactor. In ad- 
dition, boiling will reduce the heat 
transfer rate away from the element, 
leading to a temperature rise which may 
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be sufficient to melt It. 

( 3 ) The temperature of the cladding will 

follow a pattern between those of the 

element centerline and the coolant. 

This must also be maintained below the 

melting point of the cladding. 

To Improve the thermal efficiency of the plant, 

it is desirable to make the coolant outlet 

temperature as high as possible. Since this 

is limited by the boiling point of the coolant, 

the allowable temperature may be Increased by 

increasing the water pressure. As can be seen 

, 1 . 

from the curve of Figure 4 ”° pressures greater 
than 2000 psla give very little gain in tempera- 
ture; moreover, the critical point of water, 
at which the distinction between the liquid 
and vapor phases is lost, is at 3206. 2°F, which 
places an absolute upper limit on the pressure. 

A more practical limit is imposed by the dif- 
ficulties of manuf acturing pressure vessels 
of the required sizes for pressures greater 
than around 2000 psia. 




1 . J. H. Keenan and F. <J. Keyes, "Thermodynamic Properties of 
Steam", Wiley, (1936), page 39. 
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4. Thermal properties of the whole reactor . 

a. Overall heat generation rate.—' The heat genera- 
tion rate in each element will he proportional 

to its q^s, which, in turn, is proportional to 
the flux distribution in a plane perpendicular 
to the axis o,f the element. Thus the maximum 
heat generation rate allowed for an element 
can exist only in one element, at the point 
of maximum flux, and all other elements will 
operate at heat generation rates less than the 
maximum. The ratio between the maximum and 
average heat generation rates and the maximum 
and average thermal neutron fluxes will be the 
same . 

b. Temperatures, t . The coolant inlet temperature 
is determined by the power system outside the 
reactor; the coolant outlet temperature is the 
temperature of the mixed outlets of all the 
channels. The average reactor and coolant 
temperatures can be found from the variations 
in point temperatures through the core. 

A uranium fuelled, light water cooled and moderated, pres- 
surized water reactor can be described by several basic para- 
meters: 

1. Describing the unit cell: 
a. Element shape and size. 



IT See Appendix G-. 
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b. Volume ratio of moderator to fuel. 

c. Material and thickness of cladding. 

d. Fuel material and degree of enrichment in 

U-235- 

2. Describing the reactor as a whole: 

a. Core shape and dimensions. 

b. Reflector dimensions. 

c. Temperature limitations. 

d. Power output. 

Changes in these parameters act and interact in complex 
ways to affect the performance of the reactor. The number of 
parameters involved and the ranges of possible variation make 
experimental determination of the optimum combination for given 
requirements a long, tedious, and expensive process. 

Exponential experimentsil have been performed by H. J. 

Kouts at the Brookhaven National Laboratory on a number of 
the combinations^!, and some of these have been continued to 
criticality by S. Krasik and A. Radkowsky (of the U. S. Atomic 
Energy Commission) at the Westinghouse Electric Company 5 s Bettis 
Plant. 2^- Both these series involved uranium metal fuel elements; 



1 . See Glasstone and Edlund, 9*90 to 9«1H. 

2. Herbert Kouts, "Intracell Flux Traverses and Thermal Utiliza- 
tions for l.lj# Enriched Uranium Rods in Ordinary Water", 
Brookhaven National Laboratory Report No. 1987, August 11, 
195^« H. J. Kouts, J. Chernick, and I. Kaplan, "Exponential 
Experiments on Light Water Moderated 1 per cent U-235 Lat- 
tices", Brookhaven National Laboratory Report No. 209^, 
November 28, 1952. 

3. S. Krasik and A. Radkowsky, "Pressurized Water Reactor 
Critical Experiments", paper no. 601, presented at the 
Geneva Conference on the Peaceful Uses of Atomic Energy, 

1955. 



